Abstract. Carbohydrate response element binding protein (ChREBP) is a transcription factor activated by glucose that is highly expressed in liver, pancreatic β-cells, brown and white adipose tissues, and muscle. We reported that hepatic suppression of the Chrebp gene improves hepatic steatosis, glucose intolerance, and obesity in genetically obese mice. Moreover, we have studied the role of ChREBP with special reference to feedforward and feedback looping in liver and pancreatic β-cells. Recently, several groups reported that (1) glucose activates ChREBP-α transactivity and in turn ChREBP-α induces ChREBP-β on both transcriptional and translational levels in adipose tissues, and (2) ChREBP regulates glucose transporter type 4 mRNA levels, which may affect glucose uptake in adipose tissues. Moreover, in adipose tissues of obese patients, Chrebpb mRNA levels were much lower than those in lean subjects, while the levels were much higher in liver of obese patients than those in lean subjects. These findings suggest that Chrebpb mRNA levels are different in various tissues and probably in the stages of diabetes mellitus. Herein, we review recent progress in the study of ChREBP with special references to (1) the mechanisms regulating ChREBP transactivity (posttranslational modifications, intramolecular glucose sensing module, feedforward mechanism, and the feedback loop between ChREBP and its target genes), and (2) the role of ChREBP in liver, pancreatic islets and adipose tissues. Understanding the role of ChREBP in each tissue will provide important insight into the pathogenesis of metabolic syndrome.
The regulation of ChREBP transactivity
Carbohydrate response element binding protein (ChREBP) is a basic helix-loop-helix leucine zipper transcription factor [1] [2] [3] . ChREBP and Max-like protein X (Mlx) form heterodimers [4, 5] and bind to the carbohydrate response element (ChoRE), which is composed of two E-boxes separated by five base pairs (CABGTG-nnCnG-nGnSTG) [6] [7] [8] . The ChREBP/Mlx heterodimer regulates glucose and lipid metabolism through regulation of the glycolytic, gluconeogenic, and lipogenic gene expression [2, 5, [8] [9] [10] [11] [12] (Table 1) . Moreover, ChREBP regulates gene transcription, circadian rhythm, hormones and their receptors, and the redox signal [13] [14] [15] [16] [17] [18] [19] [20] [21] (Table 1) .
Formerly, ChREBP was thought to be regulated by the classic mechanism of phosphorylation/dephosphorylation of ChREBP itself [22] [23] [24] . Recently, however, ChREBP-β, the constitutively active isoform, was identified [25] . Therefore, the mechanisms of ChREBP regulation should be revised as follows ( Fig. 1 ):
Fig. 1 Schematic representation of the mechanisms regulating ChREBP transactivities
Glucose activates ChREBP-α through (1) posttranslational modification of ChREBP, and (2) an intramolecular glucose sensing module. In turn, ChREBP-α induces ChREBP-β (3. feedforward control). Some ChREBP target genes inhibit both ChREBP-α and β transactivities (4. feedback control). The phosphorylation/dephosphorylation of ChREBP has been proposed as the classic mechanism for regulating ChREBP transactivity [22] [23] [24] . Recently, it has been reported that ChREBP has two isoforms, ChREBP-α and ChREBP-β, and that they are located mainly in the cytosol and nucleus, respectively [25] . After glucose stimulation, ChREBP-α is translocated into the nucleus and binds to ChoRE after its dephosphorylation by protein phosphorylase 2A, which is regulated by xylulose 5-phosphate (X5P) in the pentose phosphate pathway [23] . Under starvation conditions, ChREBP is inactivated by phosphorylation at Ser196, Ser626 and Thr666 by cAMP-dependent protein kinase (PKA), and at Ser568 by AMP-activated protein kinase (AMPK) [22, 24] . However, another study has reported that mutation of the phosphorylation sites Ser196, Ser626 and Thr666 in ChREBP did not affect ChREBP transactivity [26] . Our group as well as other groups also confirmed that glucagon, which increases cAMP levels, inhibits the glucose-induced expression of ChREBP target genes [16, 27, 28] , but further investigation may be needed to clarify in detail the significance of the phosphorylation/ dephosphorylation mechanism.
Acetylation of ChREBP
Recently, it has been reported that histone acetyltransferase (HAT) coactivator p300 associates with ChREBP to acetylate Lys672 and promote ChREBP DNA binding [29] . ChREBP acetylation by p300 is negatively regulated by salt-inducible kinase 2 (SIK2), which is activated under malnutrition conditions [29] . In ob/ob mice, SIK2 is inhibited and consequently the binding of ChREBP to ChoRE is increased after ChREBP hyperacetylation by p300 [29] . Thus, inhibition of p300/HAT activation may be a therapeutic target for hepatic steatosis (Fig. 2 ).
O-linked GlcNAcylation
O-linked-β-N-acetylglucosamine (O-GlcNAc) is the end product of the hexosamine biosynthesis pathway and is modified by two enzymes: O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) (Fig.  3 ) [30] . The O-linked-β-N-acetylglucosamine modification, O-GlcNAcylation, is a nutrition-dependent posttranslational modification. ChREBP undergoes O-GlcNAcylation, which increases its protein levels and the transactivation of its target genes [31] [32] [33] . Moreover, overexpression of FoxO1 reduces ChREBP-α contains a glucose sensing module (GSM). GSM contains a low glucose inhibitory domain (LID) and glucose response activation conserved element (GRACE). LID contains the mondo conserved region (MCR) I-IV and GRACE contains MCR V. Ser196, Ser626 and Thr666 are phosphorylation sites for cAMP-dependent protein kinase (PKA), and Lys672 is an acetylation site for histone acetyltransferase (HAT) coactivator p300. Salt inducible kinase 2 inhibits p300/HAT activity. In ob/ ob mice, Salt inducible kinase 2 is inhibited. NES, nuclear export signal; NLS, nuclear localization signal; bHLHZ, basic helix-loop-helix leucine zipper bound by nuclear export factor, Crm1 (Fig. 2 ) [34] [35] [36] [37] [38] . MCR III is constitutively bound by 14-3-3, which is needed for glucose responsiveness [36] . 14-3-3 binding may also contribute to the cytoplasmic localization of ChREBP [37, 38] . In contrast, ChREBP-β only contains GRACE [25] . As mentioned above, ChREBP-α is localized in both the nucleus and cytosol, and ChREBP-β is localized only in the nucleus. Thus, ChREBP-α and ChREBP-β sense glucose concentration through different mechanisms.
Feedforward control

ChREBP isoforms, ChREBP-α and -β
As mentioned above, ChREBP has two isoforms, ChREBP-α and -β [25, 39] . Previously, we reported that overexpression of dominant negative Mlx (dnMlx), a ChREBP antagonist, inhibits glucose induction of Chrebp mRNA expression in rat primary hepatocytes [12] . In addition, in rat primary hepatocytes, glucose increases the mRNA levels of Chrebp and transketolase (Tkt), which catalyzes the production of X5P, a candidate activator of ChREBP (Fig. 3) [39] . We hypothesized that there is a feedforward mechanism ChREBP transactivity, and gene ablation of FoxO1 increases ChREBP transactivity through enhanced O-glycosylation and increased ChREBP protein levels [33] . In view of the fact that FoxO1 activity is regulated by insulin, O-GlcNAcylation of ChREBP may play an important role in the insulin-mediated ChREBP activation [33] . Thus, posttranslational modifications of ChREBP may regulate ChREBP transactivity.
Intramolecular glucose sensing module [glucoseresponse activation conserved element (GRACE) and low-glucose inhibitory domain (LID)]
ChREBP-α and -β are composed of 864 and 687 amino acids, respectively [25] . ChREBP-α contains a glucose-sensing module (GSM) (Fig. 2) [34] [35] [36] [37] [38] . GSM contains a low-glucose inhibitory domain (LID, residues ) and a glucose-response activation conserved element (GRACE, residues 197-298) (Fig. 2 ) [34] [35] [36] [37] [38] . Mondo conserved region (MCR) is composed of five distinct subdomains, MCR I-V, of which MCR I-IV corresponds to LID (Fig. 2) [34] [35] [36] [37] [38] . ChREBP-α contains a nuclear localization signal (NLS) in MCR IV and two nuclear export signals (NES1 and NES2) 
Pedersen et al. identified that the ChoRE in the rat
G6pc promoter is located between −3706 and −3682 bp [10] . Together with the fact that G6Pase converts G6P to glucose, these findings suggest that ChREBP and G6Pase may form a feedback loop (Fig. 3) . X5P is an intermediate molecule in the pentose phosphate pathway [12, 23, 39] . Transketolase (TKT) is the enzyme that produces X5P from two glycolytic intermediates, glyceraldehyde 3-P (GAP) and fructose-6-P (F6P) (GAP + F6P ↔ X5P + erythrose 4-P). X5P activates protein phosphatase 2A (PP2A), which in turn activates ChREBP by dephosphorylation [23] . Thus, TKT connects the pentose phosphate pathway with the glycolytic pathways. Tkt mRNA is listed in groups of glucose-induced genes [8, 12] . We have demonstrated that Tkt mRNA is induced by glucose in a dose-dependent manner, and that this induction is induced by adenoviral overexpression of ChREBP [12] . Moreover, Chrebp mRNA is induced by glucose in a dose-dependent manner, corresponding with Tkt mRNA [12] . Together with the fact that X5P is a potential activator of ChREBP, TKT and ChREBP constitute a feedback loop that regulates ChREBP transactivity ( Fig. 2) [12].
Feedback control (Crosstalk between ChREBP and its target genes)
It is known that the activity of transcription factors is regulated by their target molecules. For example, circadian rhythm consists of a network of transcriptional-translational feedback loops that drive rhythmic, 24-h expression patterns of core clock components [50] . In the primary feedback loop, the positive elements include members of the basic helix-loop-helix (bHLH)-PAS (Period-Arnt-Single-minded) transcription factor family, CLOCK and BMAL1. CLOCK and BMAL1 heterodimerize and initiate transcription of target genes containing E-box cis-regulatory enhancer sequences, including Period genes (in mice, Per1, Per2 and Per3) and Cryptochrome genes (Cry1 and Cry2) [50] . Negative feedback is achieved by PER:CRY heterodimers that translocate back to the nucleus to repress their own transcription by acting on the CLOCK:BMAL1 complex [50] . According to the concept that ChREBP is directly and indirectly repressed by its target molecules, we identified the feedback loop between ChREBP and its target molecules (e.g., DEC1, KLF10 and PPARα) (Fig. 4) [13] [14] [15] [16] .
and searched for a ChoRE in the Chrebpa promoter, but we could not detect it. Moreover, Chrebpa mRNA is regulated by insulin, LXR, and thyroid hormone, but not glucose [40] [41] [42] . Recently, it has been reported that ChREBP-β, a novel isoform of ChREBP, is increased by glucose in a dose-dependent manner, while Chrebpa mRNA expression is not affected by glucose [25, 39] , and that Chrebpa and Chrebpb mRNA are regulated by two different promoters [25] . Moreover, ChoRE of ChREBP-β was found to be located near exon1b in the ChREBP target genes [25] . Using reporter analysis of pGL3 promoter vector inserted with ChoRE of ChREBP-β, we confirmed that ChoRE is also functional in rat insulinoma-derived INS-1E cells [39] . Chrebpb mRNA expression is less abundant than Chrebpa, but ChREBP-β is a more potent transactivator at both low and high glucose concentrations [25] . Thus, these findings further indicate that ChREBP-α and ChREBP-β sense glucose levels through different mechanisms.
Metabolites affecting ChREBP transactivity
What kind of metabolite activates ChREBP transactivity has been controversial (Fig. 3) [23, 39, [43] [44] [45] [46] [47] . In particular, X5P, glucose 6-phosphate (G6P) and fructose-2,6-bisphophate (Fru-2,6-P 2 ) are candidate molecules for regulating the expression of ChREBP target genes (Fig. 3) [23, 39, [43] [44] [45] [46] [47] . Kabashima et al. reported that X5P activates protein phosphatase 2A to activate ChREBP transactivity [23] . Recently, it has been reported that both G6P and Fru-2,6-P 2 activates ChREBP transactivity [45] [46] [47] . We tested the effect of G6P and X5P on ChREBP transactivity; however, the activities induced by G6P and X5P were lower than the glucose-induced activity [39] . These findings suggest that the mechanism by which glucose activates the transactivity of ChREBP is very complicated and further investigation is required to clarify this mechanism.
Enzymes affecting G6P and X5P (Glucose-6-phosphatase catalytic subunit and transketolase)
Glucose-6-phosphatase, catalytic subunit (G6PC) is a gluconeogenic enzyme that converts G6P into glucose [48] . G6PC is expressed in limited tissues such as liver and kidney; however, it is not expressed in pancreatic β-cells and adipose tissues [48] . In view of the fact that G6PC activity determines the G6P concentration, the role of G6PC in the regulation of ChREBP transactivity may be limited to the liver and kidney. We have reported that hepatic G6pc mRNA levels in Chrebp -/-mice and ob/ob Chrebp -/-mice were much lower than in WT and ob/ob mice, respectively [2, 49] . Moreover, sion, BHLHB2 and ChREBP constitute a novel feedback loop involved in the regulation of lipogenesis (Fig. 3) . Recently, it has been demonstrated that BHLHB2 suppresses the transactivities of SREBP1 (sterol regulatory element-binding protein 1) and RXR (retinoid X receptor) [55, 56] . Thus, DEC1 is a potential important regulator of the coordination of glucose and lipid metabolism.
Krüppel-like factor-10 (KLF10).
Krüppel-like factors (KLFs) are zinc finger-containing transcription factors that regulate proliferation, differentiation, development, and programmed cell death [57] . KLF10 was initially identified as a primary transforming growth factor (TGF)-β-inducible early gene in human osteoblasts [57] . KLF10 and KLF11 share an amino-terminal transcription repression domain, which is required for the growth-suppressive effect of KLF11 [57] . Defects in Klf11 are the cause of maturity-onset diabetes of the young, type 7 [58] . Recently, it has been reported that Klf10 mRNA expression is regulated by CLOCK/BMAL1 heterodimers and that KLF10 itself suppresses lipogenic gene expression [59] . In Klf10 knockout mice, it has been reported that male Klf10 −/− mice displayed postprandial and fasting hyperglycemia, whereas Klf10 −/− females were normoglycemic but displayed higher plasma triglyceride concentrations Basic helix-loop-helix domain containing, class B, 2/ differentially expressed in chondrocytes 1 (BHLHB2/ DEC1) is also known to play an important role in the regulation of the mammalian circadian rhythm [51, 52] . Recently, it has been reported that deletion of the Clock gene causes metabolic syndrome, and that Bhlhb2 mRNA is increased in muscles of diabetic and insulin-resistant humans [53, 54] . These findings suggest that BHLHB2 plays an important role in the development of metabolic syndrome. However, its precise role in metabolism remains unclear. We investigated the link between BHLHB2 and ChREBP, a glucoseactivated transcription factor involved in the regulation of lipogenesis. Glucose stimulation and overexpression of dominant active ChREBP induced Bhlhb2 mRNA expression in rat hepatocytes [13] . Deletion studies have shown that ChoRE (−160 to −143 bp) in the mouse Bhlhb2 promoter region is functional in vivo [13] . Overexpression of BHLHB2 inhibits glucose and ChREBP-mediated induction of rat fatty acid synthase (Fasn) and liver pyruvate kinase (Pklr) mRNA. Chromatin immunoprecipitation (ChIP) analysis demonstrated that Bhlhb2 binds to ChoRE in the Fasn, Pklr and Bhlhb2 promoter regions in vivo [13] . In conclu- [16]. Furthermore, glucagon partly suppresses the glucose-induced expression of Gcgr mRNA [16] . Thus, ChREBP directly regulates rat Gcgr mRNA expression in INS-1E cells. In addition, a negative feedback loop between ChREBP and GCGR may further contribute to the regulation of glucose-induced gene expression. The plasma glucagon concentration is normally elevated in the fasted state and suppressed in the fed state; however, in diabetic conditions the plasma glucagon concentration is elevated in both the fasted and fed states [64] . In the pathogenesis of type 2 diabetes mellitus, the constant abnormal elevation in both GCGR and plasma glucagon concentration may contribute to both fasting and postprandial hyperglycemia.
Fibroblast growth factor 21 (FGF21)
During fasting, FGF21 is induced and in turn increases fatty acid β-oxidation and plasma ketone bodies to supply fuels [67, 68] . Recently, it has been reported that FGF21 is increased in obesity, and administration of FGF21 lowers plasma glucose levels and body weight in obesity [67, 68] . These findings suggest that FGF21 has an important role in the development of metabolic syndrome [67, 68] . Moreover, it has been reported that insulin induces FGF21 in muscle [69] . We hypothesized that glucose also regulates Fgf21 mRNA expression. First, we identified that glucose induces Fgf21 mRNA expression through ChREBP activation, and that the ChoRE is located between −74 and −52 bp in the rat Fgf21 promoter [15] . ChoRE in the mouse Fgf21 promoter is similar to the one in the rat Fgf21 promoter. In addition, in accordance with our data, adenoviral overexpression of ChREBP in liver induces Fgf21 mRNA [70] . Thus, ChREBP increases Fgf21 mRNA in rats and mice. However, there is controversy regarding its role in humans. Although ChREBP induces Fgf21 mRNA expression in human HepG2 cells [71] , its ChoRE is composed of two E-boxes separated by 8 bp instead of 5 bp [71] . Together with the study demonstrating that 5 bp between the two E-boxes is essential [6] , the human ChoRE does not seem to be functional. Accordingly, further investigation will be needed to identify a functional ChoRE in the human FGF21 promoter.
The role of ChREBP in liver, pancreatic islets and adipose tissues
The physiological role of ChREBP in liver
Carbohydrate response element binding protein [59] . In addition, it has been demonstrated that glucose stimulation induces Klf10 mRNA expression in Rat-1 fibroblasts [60] . We have found that ChREBP directly regulates Klf10 mRNA expression in rat primary hepatocytes through binding to the carbohydrate response element (ChoRE), located between −125 bp and −108 bp in the rat Klf10 promoter [14] . Interestingly, adenoviral overexpression of KLF10 partly inhibits the glucose induction of ChREBP target genes in primary hepatocytes [14] . These data suggest that a feedback loop system between ChREBP and KLF10 may be involved in the regulation of the lipogenic pathway and in the development of metabolic syndrome (Fig. 4) .
PPARα
PPARα is an important regulator of genes involved in β-oxidation of acyl-CoA in liver [61] . Formerly, it has been reported that glucose suppresses Ppara mRNA levels in pancreatic β-cells [62] . Moreover, overexpression of ChREBP suppresses Ppara mRNA levels in pancreatic β-cells [62] . We also confirmed these data in brown adipocytes (our unpublished results). Crosstalk between ChREBP and PPARα may have important roles in lipid metabolism, especially in liver and brown adipose tissues.
Hormones, hormone receptor and its modulator
Glucagon and Glucagon receptor cAMP-dependent protein kinase (PKA) phosphorylates ChREBP protein and inactivates ChREBP-α transactivity through inhibition of nuclear translocation and DNA binding to ChoRE in its target genes' promoters (Fig. 4) [24] . Glucagon increases the intracellular cAMP concentration and activates PKA [64] . Accordingly, glucagon negatively regulates ChREBP transactivity. By contrast, whether ChREBP affects glucagon mRNA has yet to be determined. Further investigation is required to clarify the crosstalk between glucagon and ChREBP in pancreatic α-cells.
The glucagon receptor (GCGR) is essential for maintaining glucose homeostasis in the liver and for stimulating insulin secretion in pancreatic β-cells [64] . Glucose induces rat Gcgr mRNA expression; however, the precise mechanism remains unknown [64, 65] . The G-box has previously been reported to be responsible for glucose regulation of Gcgr mRNA expression [65] . In the rat Gcgr promoter, a putative ChoRE (−554 bp/−538 bp) is localized near the G-box (−543 bp/−529 bp) [16, 65] . In rat INS-1E insulinoma cells, deletion studies of the rat Gcgr promoter showed that ChoRE is a minimal glucose response element early stage of metabolic syndrome, and ChREBP transactivity is probably rather suppressed during the late stage of metabolic syndrome with severe insulin resistance and insufficient insulin secretion.
The physiological role of ChREBP in pancreatic islets
An early study suggested that glucose induces Pklr mRNA expression in INS-1E cells, a rat pancreatic insulinoma cell line [78] . After the identification of ChREBP, it has been reported that ChREBP rather than USF2 (upstream stimulatory factor 2) regulates the glucose stimulation of the endogenous L-pyruvate kinase expression in INS-1E cells [79] . Consistent with these data, we confirmed that glucose stimulates the expression of ChREBP target genes in INS-1E cells [39] . Thus, glucose induces ChREBP target genes through ChREBP activation in pancreatic insulin-producing cells. Furthermore, glucose is known to increase β-cell proliferation in vitro and in vivo [80] . Recently, it has been reported that in tumor cells, ChREBP plays a key role both in redirecting glucose metabolism to anabolic pathways and suppressing p53 activity [81] . It has also been reported that suppression of ChREBP reduces glucose-induced pancreatic β-cell proliferation as well as mRNA levels of cell cycle regulators such as Ccnd2, Ccna, and Ccne [80] . Thus, ChREBP is required for glucose-stimulated pancreatic β-cell proliferation. Whether overexpression of ChREBP causes glucotoxicity is currently not clear [79, 82] . A former study reported that ChREBP overexpression did not affect glucose-stimulated insulin secretion in INS-1 cells [79] . Contrary to these data, it has been reported that adenoviral delivery of constitutively active ChREBP into pancreatic islets caused diabetes [82] . In this study, they used the rat insulin promoter for adenovirus construction, and they did not exclude problematic issues similar to the case of RIP transgenic mice [83] . Further investigation will be needed to determine whether overexpression of ChREBP affects insulin secretion and glucose toxicity. Finally, it has been reported that activation of ChREBP leads to increased pancreatic β-cell differentiation in rats [84] . When rat embryonic pancreases were cultured in the presence of glucose or xylitol, the mRNA levels of ChREBP target genes were induced and β-cell differentiation was enhanced. In this experiment, they used xylitol as a source of X5P [84] . However, unlike in hepatocytes, xylitol is difficult to convert into X5P in pancreatic islet cells, because of the much lower expression of xylulokinase [39] . It would be interest-(ChREBP) has an important role in hepatic de novo lipogenesis and in the development of metabolic syndrome. A study on Chrebp knockout mice demonstrated that ChREBP regulates 50% of hepatic de novo lipogenesis [2] . Normal diet-fed ChREBP knockout mice show moderate glucose intolerance compared with normal diet-fed wild-type mice [2] . Moreover, Chrebp -/-livers are in a hypoenergetic state, because Chrebp -/-liver has a near global reduction in hepatic fluxes with the exception of increased pyruvate oxidation [72] . Our group as well as other groups have independently reported that gene deletion of Chrebp or shRNA-based knockdown of Chrebp mRNA in ob/ob mice improves obesity, fatty liver, and glucose intolerance [49, 73] . Similarly, adenoviral delivery of dnMlx, which antagonizes ChREBP transactivity, reduced hepatic triglyceride content and improved glucose intolerance by inhibiting the expression of G6pc and Elovl6 mRNA in addition to lipogenic enzymes [12] . Moreover, it has been reported that atorvastatin, a strong HMG-CoA reductase inhibitor, prevents ChREBP activation and steatosis in fructose-fed rats by activating protein kinase A [74] . Thus, suppression of ChREBP will be beneficial for hepatic steatosis and glucose intolerance accompanied with hyperinsulinemia.
By contrast, it has been reported that adenoviral delivery of Chrebp cDNA into liver of high-fat diet-fed C57BL6/J mice causes fatty liver changes and improves glucose tolerance compared with control mice [70] . In addition, Chrebp mRNA expression decreases during the development of non-alcoholic steatohepatitis [70] . A couple of groups have reported that in adolescents with impaired glucose tolerance or T2DM (type 2 diabetes mellitus), the expression of ChREBP was increased in the liver [75, 76] . Similarly, hepatic Chrebp mRNA levels in obese subjects were much higher than in lean subjects [77] . Our preliminary study is compatible with these studies. We found that a transient increase in Chrebpb mRNA levels precedes glucose intolerance and fatty liver in C57BL6/J mice fed a high carbohydrate, high-fat diet (unpublished results). Moreover, the hepatic Chrebp mRNA levels in ob/ob mice were much higher than those in wild-type mice. However, the hepatic Chrebp mRNA levels in streptozotocin injected insulin deficient mice were similar to those in control mice (our unpublished results). These findings suggest that ChREBP expression levels and transactivity depend on plasma insulin concentration. Therefore, ChREBP activation may be involved in the to elucidate the specific role of ChREBP in adipose tissues, it is essential to identify whether it regulates the expression of adipokines such as leptin and adiponectin in white adipose tissue. As with de novo lipogenesis, the role of ChREBP in brown adipose tissues is more important. Investigating the role of ChREBP and PPARα in brown adipocyte lipogenesis revealed that ChREBP and PPARα constitute a feedback loop in brown adipose tissue (our unpublished results). The role of ChREBP in brown adipose tissue will be further investigated.
Finally, although overexpression of ChREBP or ChREBP activation in adipose tissues appears to be beneficial for treatment of T2DM, I think that overexpression of ChREBP in adipose tissues will only transiently normalize blood glucose and will consequently worsen obesity and insulin resistance. Obesity causes several harmful problems such as gonarthrosis, sleep apnea, dyslipidemia, hypertension, and glucose intolerance. We should keep in mind that to normalize not only glycemic control but also body weight, diet and exercise therapy is essential for the treatment of obesity related T2DM. Normalizing only blood glucose levels without reducing body weight and visceral fat mass is not sufficient for the treatment of obese patients with T2DM.
Concluding remarks
ChREBP target genes are involved in the pathways of glucose and lipid metabolism, circadian rhythm, and hormone/receptors, suggesting that ChREBP is involved in the development of metabolic syndrome. Therefore, understanding the mechanisms of ChREBP regulation will provide important insights for the treatment of obesity related diabetes mellitus. Moreover, it is important to identify the tissue-specific roles of ChREBP in liver, pancreatic islets, and adipose tissues. In particular, the following questions are of interest: 1. The differences in Chrebp mRNA levels in lean and obese subjects between white adipose tissue and liver:
In diabetic and obese subjects compared with lean subjects, changes in Chrebp mRNA levels in liver are different from those in adipose tissues. What is the reason(s) for the differences in ChREBP regulation between liver and adipose tissues? 2. The adipocyte-specific function of ChREBP:
Does Chrebp regulate adipokines such as leptin, adiing to determine whether xylulokinase levels change during the development of the endocrine pancreas. Recently, Leclerc et al. proposed a unique mechanism of ChREBP activation in pancreatic β-cells [85] . ChREBP interacts with sorcin, a penta-EF-hand Ca 2+ -binding protein that is localized in the cytosol at low glucose concentrations [85] . Interestingly, in sorcinsilenced β-cells, ChREBP is constitutively present in the nucleus [85] . Whether a similar ChREBP regulation mechanism exists in other inducible tissues such as muscle, in which ChREBP is abundantly expressed, would be interesting to investigate.
The physiological role of ChREBP in adipose tissues
Both ChREBP-α and ChREBP-β are abundantly expressed in white and brown adipose tissues [2, 25] . Chrebp mRNA expression is increased during differentiation of 3T3-L1 cells [86] . Similarly, ChREBP is increased during differentiation of human omental and subcutaneous preadipocytes [77] . In adolescents with impaired glucose tolerance or T2DM, the expression of Chrebp is decreased in adipose tissue but increased in the liver [75] . It has been reported that decreased expression of Chrebp causes a decrease in peripheral glucose uptake and worsens insulin resistance through decreased expression of glucose transporter type 4 (Glut4) mRNA [25, 76] . The finding of a novel ChREBP isoform is significant and fascinating. However, there are still some open questions. De novo lipogenesis in white adipose tissue and liver are not compatible with the expression levels of ChREBP in these tissues [25, 87] . Adenoviral delivery of shRNA against Chrebp mRNA into liver protects from fatty liver in ob/ob mice, which is in accordance with our data on ob/ob Chrebp -/-double knockout mice [49, 73] . Moreover, we reported that adenoviral overexpression of dnMlx causes a decrease in hepatic triglyceride content [12] . In addition, we checked the Chrebpa and Chrebpb mRNA levels in liver, white adipose tissue, and brown adipose tissue, and found that Chrebpb mRNA levels in liver and brown adipose tissues are much higher than in white adipose tissues (our unpublished results). Many groups have reported that triglycerides produced in liver are transferred to white adipose tissue, and that de novo lipogenesis in white adipose tissue is much lower than in liver [87, 88] . By contrast, de novo lipogenesis in brown adipose tissue is much higher than in white adipose tissue, which is consistent with the Chrebp mRNA levels [2, 87, 88] . Thus, ponectin and MCP-1? 3. The role of ChREBP in pancreatic α-cells: Does ChREBP or a paralogue of ChREBP known as MondoA regulate Glucagon mRNA expression through a mechanism similar to that of glucagon receptor? Clarifying the role of ChREBP in several tissues will be beneficial for understanding the pathology of metabolic syndrome and for the treatment of obesity and its related metabolic disorders such as diabetes mellitus, non-alcoholic steatohepatitis and dyslipidemia.
